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Campylobacter fetus comprises two subspecies, C. fetus subsp. fetus and C. fetus subsp. venerealis, which are considered emerging 
pathogens in humans and animals. Comparisons at the genome level have revealed modest subspecies-specific variation; neverthe-
less, these two subspecies show distinct host and niche preferences. C. fetus subsp. fetus is a commensal and pathogen of domesti-
cated animals that can be transmitted to humans via contaminated food. The clinical features of human infection can be severe, es-
pecially in impaired hosts. In contrast, C. fetus subsp. venerealis is a sexually transmitted pathogen essentially restricted to cattle. 
Infections leading to bovine venereal campylobacteriosis cause substantial economic losses due to abortion and infertility. Recent 
genome sequencing of the two subspecies has advanced our understanding of C. fetus adaptations through comparative genomics and 
the identification of subspecies-specific gene regions predicted to be involved in pathogenesis. The most striking difference between 
the subspecies is the highly subspecies-specific association of a pathogenicity island in the C. fetus subsp. venerealis chromosome. 
The inserted region encodes a Type 4 secretion system, which contributes to virulence properties of this organism in vitro. This re-
view describes the main differences in epidemiological, phenotypic, and molecular characteristics of the two subspecies and sum-
marizes recent advances towards understanding the molecular mechanisms of C. fetus pathogenesis.
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Introduction

Campylobacters are zoonotic bacterial pathogens causing 
human and animal disease. The most prominent member of 
this genus is C. jejuni, which is the main cause of human 
bacterial diarrhea. C. jejuni and C. coli account for over 
95% of Campylobacters isolated in cases of human infec-
tions [1–3]. Nevertheless, C. fetus is recognized as a relevant 
pathogen of livestock, highly adapted to the mucosa of the 
intestinal and/or urogenital tract of its hosts. C. fetus is also 
a human pathogen. It is the Campylobacter species most 
often isolated from human blood in cases of bacteremia, and 
the number of reported C. fetus infections is believed to be 
substantially underestimated [2, 4]. C. fetus comprises two 
subspecies, C. fetus subsp. fetus and C. fetus subsp. venerea-
lis, which display strikingly different host and niche prefer-
ences, although they are highly related at the genome level.

Epidemiology and clinical significance

Although the two subspecies C. fetus subsp. fetus and C. 
fetus subsp. venerealis share many characteristics, they 

display a different microbiology, epidemiology and fea-
tures of infection in humans (C. fetus subsp. fetus) and 
livestock (C. fetus subsp. fetus and C. fetus subsp. venerea-
lis) [5, 6], as summarized in Table 1.

C. fetus subsp. fetus is the predominant subspecies in-
fecting humans [6]. The natural habitat of C. fetus subsp. 
fetus is the intestine of sheep and cattle, where it is con-
sidered to be a commensal. Additionally, it can be iso-
lated from swine, poultry, and reptiles [2, 7–9]. C. fetus 
subsp. fetus is considered as an opportunistic pathogen 
causing severe diseases, particularly in the elderly and im-
munocompromised patients [4]. Transmission is believed 
to occur primarily by ingestion of contaminated food or 
water, although an outbreak of C. fetus diarrhea in Alberta, 
Canada, was associated with working in the community 
slaughterhouse [10]. The first human C. fetus infection 
was reported in 1947, associated with the consumption of 
unpasteurized milk [4]. Typically, patients with C. fetus 
subsp. fetus bacteremia report consuming raw milk, raw 
beef, or beef liver, or undercooked pork [11–13]. C. fetus 
subsp. fetus colonizes the intestinal tract, which can cause 
acute diarrhea. More importantly, primary infection leads 
to portal bacteremia, and C. fetus subsp. fetus colonizes 
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subsequently the liver. Excretion via the biliary tract leads 
to a second phase of intestinal colonization. Healthy indi-
viduals usually eliminate C. fetus subsp. fetus and there is 
either transient or no systemic bacteremia [4]. In impaired 
hosts, especially the elderly, infants, or patients with an 
underlying illness such as alcoholism, diabetes, HIV in-
fection, or cancer, severe C. fetus subsp. fetus infection 
can occur [12, 14–18]. In these cases, infection results in 
septicemia, peritonitis, endo- and pericarditis, cellulitis, 
meningoencephalitis, and osteoarthritis. Interestingly, C. 
fetus subsp. fetus is often isolated from infected vessels 
(e.g. infected arterial aneurysms). Patients often experi-
ence relapsing infections, which is at least partly conferred 
by antigenic variation of the pathogen (for details see sec-
tion “Pathogenesis of C. fetus infection”). Human abor-
tions resulting from infection occur rarely [13, 19–22]. It is 
notable, however, that C. fetus subsp. fetus exhibits patho-
genicity in animals, causing bovine, ovine, and caprine 
abortion. A fecal–oral route of transmission is described, 
and the course of infection is not considered epidemic [5].

C. fetus subsp. venerealis is predominantly a bovine 
pathogen. It colonizes the urogenital tract of cattle [5]. The 
reservoir of C. fetus subsp. venerealis are the epithelial 
crypts of the prepuce. This infection is often asympto-
matic but persists throughout the animal’s lifetime [23]. 
Cows are infected during coitus, wherein C. fetus subsp. 
venerealis colonizes the vagina, cervix, uterus, and ovi-
ducts, leading to an ascending infection causing infertil-
ity and abortion. Despite an immune response, C. fetus 
subsp. venerealis can persist in the bovine vagina. The 
persistence in the prepuce and vagina is the major factor 
for the epidemic spread of C. fetus subsp. venerealis lead-
ing to bovine venereal campylobacteriosis (BVC). BVC is 
a statutory disease with worldwide distribution [5]. It is 
important for cattle breeding and the international trade of 
embryos, and it places a significant economic burden on 
the artificial insemination industry [24].

Differentiation, isolation, 
and typing of C. fetus subspecies

Phylogeny and subspeciation

C. fetus can be either serotypes A, B, or AB based on its 
different O-antigens (i.e. LPS). C. fetus subsp. venerealis is 
always type A, whereas C. fetus subsp. fetus might be type 

A, type B, or rarely type AB [25–27]. The different sero-
types correspond also to the different S-layer protein types. 
Since C. fetus subsp. venerealis and C. fetus subsp. fetus are 
both LPS/sap type A, differentiation between subspecies 
likely occurred after the type A–type B split [28]. Multilo-
cus sequence typing (MLST) studies have also emphasized 
that C. fetus subsp. venerealis represents a “bovine” clone 
of C. fetus subsp. fetus type A [29]. Interestingly, compari-
son of 16S rRNA sequences of C. fetus strains originating 
from mammals and reptiles revealed a phylogenetic clus-
tering of the reptile strains between mammalian C. fetus 
subspecies and C. hyointestinalis [28]. Furthermore, the C. 
fetus reptilian and mammalian strains show higher genetic 
divergence than between C. fetus subsp. fetus and C. fetus 
subsp. venerealis and between type A and type B strains 
[30]. Detailed genome analysis of C. fetus strains from rep-
tiles support the definition of a new C. fetus reptile sub-
species [31, 32]. Figure 1 describes the proposed ancestral 
relationship between C. fetus subspecies, based on the phy-
logenetic studies mentioned above.

Isolation, identification and subspecies differentiation

Collection of specimens, the choice of transport and isola-
tion media, as well as the use of selective techniques such 
as filters all affect C. fetus isolation rates (reviewed in Ref. 
[33]). The slow growth characteristics of C. fetus limit 
detection compared to the other nonfastidious bacteria 
present in the specimens [2, 34]. Cephalothin-containing 
selective media inhibit the growth of C. fetus [4, 6, 35, 36]. 
Altogether, this contributes to a pronounced underestima-
tion of C. fetus infections.

Differentiation between C. fetus subsp. fetus and C. 
fetus subsp. venerealis is difficult, although mandatory, 
since only C. fetus subsp. venerealis represents the agent 
of the statutory disease BVC [24, 33]. Several assays for 
phenotypic and genotypic differentiation have been estab-
lished [33]. The currently recommended gold standard in 
differentiation is the 1% glycine tolerance test, wherein 
C. fetus subsp. fetus is glycine-tolerant [37]. Biochemical 
assays based on H2S production and selenite reduction or 
aerotolerance and growth at 42 °C are reported to distin-
guish between the subspecies but often yield inconsistent 
results [33]. A distinct group of C. fetus strains designated 
as C. fetus subsp. venerealis biovar intermedius was de-
scribed, which react positively in the H2S test (typically 
positive for C. fetus subsp. fetus) but otherwise resembled 

Table 1. C. fetus subspecies specific host and tissue preferences and underlying diseases

Subspecies Source Tissue Human disease Animal disease

C. fetus fetus Cattle, sheep, 
reptiles

Intestinal tract, 
urogenital tract

Septicemia, endo-, pericarditis, 
peritonitis, meningoencephali-
tis, cellulitis, arthritis, abortion

Abortion

C. fetus venerealis Cattle Urogenital tract Septicemia (uncommonly) BVC, Infertility, abortion
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C. fetus subsp. venerealis [38]. Also, MLST data showed 
that these strains had the same sequence type as C. fetus 
subsp. venerealis [29].

The need for more reliable assays led to the application 
of molecular methods for subspecies discrimination. One 
of the first polymerase chain reaction (PCR) based analy-
sis methods developed is the multiplex PCR described by 
Hum et al. [39]. Unfortunately, this method cannot reli-
ably identify biovar intermedius strains [29]. Further PCR 
assays were described, modifying the original PCR tools 
or applying new subspecies-specific primers [40–44]. The 
first reliable molecular method for differentiation was 
the amplified fragment length polymorphism (AFLP) 
fingerprinting described by Wagenaar et al. [45], which 
also supports discrimination of biovar intermedius [29]. 
MLST confirmed PCR and AFLP data [29]. Evaluation 
of glycine tolerance in combination with these molecular 
methods is sufficient and reliable to distinguish C. fetus 
subsp. fetus, C. fetus subsp. venerealis, and C. fetus subsp. 
venerealis biovar intermedius [33].

Genomics of C. fetus subspecies

Comparative analyses

Genome comparison is an indispensable tool for under-
standing bacterial biology and virulence. The first availa-
ble complete Campylobacter genome was from the clinical 
C. jejuni isolate NCTC 11168 [46]. It has a circular, highly 
dense, and rather small genome (~1.6 Mb) with a low G + 
C content (~30%). Surprisingly, this C. jejuni genome lacks 
any insertion elements or prophages [46]. Early pulsed-
field gel electrophoresis studies revealed a smaller genome 
size for C. fetus subsp. fetus (~1.2 Mb) and C. fetus subsp. 
venerealis (1.3–1.5 Mb), although variations between dif-
ferent isolates have been reported [47]. In 2006, the com-
plete genome sequence of C. fetus subsp. fetus strain 82-
40, a human blood isolate, was published (GenBank acc. 
no. NC_008599) with a genome size of about 1.8 Mb and 
more than 90% coding sequence. Recently, the unfin-
ished genome sequences of an Argentinean cattle isolate 
C. fetus subsp. venerealis strain AZUL-94 [48] and the C. 
fetus subsp. venerealis type strain NCTC 10354T [49] were 
published and revealed a genome size of ~1.9 Mb and a G 
+ C content of ~33%. Alignment of the sequences revealed 
that the genomes of C. fetus subspecies are highly syntenic 
with more than 99% average amino acid identity between 
the core proteomes [48, 50]. Interestingly, comparison 
between the core proteomes of reptilian and mammalian 
C. fetus subsp. fetus revealed a significant lower level of 
amino acid identity (~94%), underscoring that reptilian C. 
fetus represents a separate subspecies [32].

Representational difference analysis (RDA) and a 
complete genome sequencing project of the C. fetus subsp. 
venerealis strain 84-112 [25] in our laboratory helped to 
identify gene regions uniquely present in one of the two C. 
fetus subspecies and to understand their different lifestyles 

[51, 52]. Despite the high homology between the subspe-
cies, a striking number of interesting genes were identified 
that might contribute to the differences in host specificity 
and adaption (manuscript in preparation [53]) including a 
C. fetus subsp. venerealis-specific genomic pathogenicity 
island (PAI) (see below), which was absent from all the 
tested C. fetus subsp. fetus strains [51]. Conversely, a re-
gion encoding for a homolog of GDP-mannose 4,6-dehy-
dratase (GMD) was identified uniquely in C. fetus subsp. 
fetus [51]. This enzyme is involved in GDP-L-fucose syn-
thesis needed for LPS synthesis [54, 55]. In Helicobacter 
pylori, mutation of GMD leads to a reduced acid resist-
ance and an altered LPS structure [56]. Given that C. fetus 
subsp. fetus primarily colonizes the intestine, it must first 
survive passage through the acidic gastric environment, 
providing a reasonable explanation for this finding.

Pathogenicity island of C. fetus subsp. venerealis

The major difference between the two C. fetus subspecies 
is the presence of a PAI of about 45 kb nearly exclusively 
found in C. fetus subsp. venerealis. The PAI harbors ho-
mologs of genes required for the assembly of a Type 4 se-
cretion system (T4SS) [48, 51]. The open reading frames 
(ORFs) orf7 to orf18 of the PAI are related to genes for 
the secretion components VirB2 to VirB11 and VirD4 dis-

Fig. 1. Proposed evolutionary relationships of C. fetus 
subspecies. 16S rRNA analysis, MLST data, and DNA 
hybridizations suggest that C. fetus subsp. originate from an 
ancestral reptile strain. C. fetus subsp. fetus serotypes A and B 
correspond to the two different surface array protein (sap) types 
A and B expressed in strains adapted to mammals. C. fetus 
subsp. venerealis (exclusively type A) is considered a bovine 
clone evolved from subsp. fetus. Reptile C. fetus subsp. fetus are 
type A and are genetically more diverse than mammalian 
C. fetus subsp. fetus types A and B. It is proposed, therefore, 
that they represent a distinct, still unclassified subspecies 
(adapted from Ref. [30]). The frequency at which the respective 
subspecies cause human infection is indicated with plus marks 
(+ to +++).
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playing highest homologies to the mobilizable tetracycline 
resistance plasmids pCC31 of C. coli and pTet of C. jejuni. 
These plasmids are supposed to play an important role in 
the plasticity of Campylobacter genomes [51, 57, 58]. In 
addition, mobility genes such as a bacteriophage P4-like 
integrase and two homologs to the H. pylori transposable 
element ISHp608 [59] are present in the PAI, marking the 
island as part of the horizontal gene pool [60]. A methio-
nyl-tRNA at the 5´ end of the PAI and tRNA remnants at 
the 3´ boundary indicate the sites of integration into the 
backbone genome C. fetus subsp. venerealis. Two putative 
effector proteins called Fic1 and Fic2 (orf38 and orf39), 
which may be secreted by the T4SS to mammalian hosts, 
were identified downstream in close proximity to the T4S 
locus [51]. Initial Southern blot and PCR analyses revealed 
that the PAI is exclusively present in C. fetus subsp. ve-
nerealis [51]. Recently, a C. fetus subsp. fetus strain iso-
lated from a calf in Switzerland was reported to harbor 
the PAI. In this strain, resistance genes for tetracycline 
[tet(44)] and streptomycin [ant(6)-Ib] are inserted into the 
PAI, suggesting that, under certain selective pressures, the 
PAI can be transferred between the subspecies and stably 
maintained [61].

Type 4 secretion and effector proteins

Bacterial pathogens use T4SS, which are membrane-as-
sociated multiprotein complexes, to deliver effector pro-
teins and DNA to host cells [62–65]. The T4SS of C. je-
juni, located on plasmid pVir [66, 67], mediates in vitro 
adherence and invasion. Mutation of virB11 led to reduced 
development of diarrhea in the ferret diarrhea model [67]. 
The C. fetus subsp. venerealis T4SS is encoded on a PAI, 
which is nearly exclusively present in this subspecies. It is 
thus reasonable to propose that this virulence gene cluster 
contributes to the niche preference of this subspecies [48, 
51]. When HeLa cells were infected with C. fetus subsp. 
venerealis wild-type and the isogenic virB9 mutant, di-
minished killing of eukaryotic cells was observed com-
pared to the wild-type strain [51]. Moreover, a virD4 mu-
tant showed reduced invasion levels of Caco-2 cells com-
pared to the wild type, demonstrating the involvement of 
the C. fetus T4SS in host cell invasion [51]. A recombinant 
plasmid carrying heterologous mobility features from a C. 
coli plasmid could be transferred from C. fetus subsp. ve-
nerealis to C. fetus subsp. fetus and E. coli, suggesting that 
the T4SS is proficient in plasmid DNA transfer to other 
bacteria. Inactivation of virB9 and virD4 of the T4SS re-
duced interbacterial plasmid transfer significantly [68].

Downstream of the VirB/VirD4 locus, two ORFs have 
been identified, which harbor conserved core motifs of the 
FIC ( filamentation induced by cAMP) superfamily [51, 
68]. Proteins carrying the FIC domains (HPFxxGNGR) 
are present in both bacteria and eukaryotes and play a role 
in cell division and cell signaling [69, 70]. Importantly, 
FIC domain-containing proteins are known to be bacterial 
effectors of Vibrio parahaemolyticus, Legionella pneu-

mophila, and Bartonella henselae which are transported 
into the host cells via Type 3 or Type 4 secretion. In host 
cells, the bacterial FIC domain-containing proteins target 
cellular GTPases. The interactions result in cytoskeletal 
rearrangement or fragmentation of the Golgi apparatus, 
finally leading to host cell apoptosis or necrosis. By con-
trast, bacterial FIC proteins, such as those of B. henselae, 
can also act to prevent the host cells from apoptosis to pro-
mote bacterial persistence [71–74]. The immediate down-
stream localization of the C. fetus subsp. venerealis fic1 
and fic2 genes to the VirB/VirD4 locus, together with the 
positively charged secretion motif at the C-terminus of the 
predicted proteins, make them likely candidates for Type 
4 secretion. To assess whether these Fic proteins might be 
translocated via the T4SS, CRAfT assays [75] were per-
formed between bacteria, which indicated a secretion at 
least of Fic2 [68]. In vitro studies including a translocation 
reporter assay with cultured human cells are necessary to 
clarify whether C. fetus subsp. venerealis translocates Fic 
to host cells via the Type 4 secretion apparatus and ulti-
mately to define their pathogenic properties [76].

Pathogenesis of C. fetus infection

The virulence mechanisms of the two C. fetus subspe-
cies and the resulting host and niche preferences remain 
poorly understood. The lack of suitable animal models for 
C. fetus infection has hampered extensive in vivo stud-
ies; therefore knowledge about C. fetus pathogenicity is 
mainly derived from in vitro cell-culture-based infection 
assays. The following section describes virulence factors 
employed by both C. fetus subspecies. Figure 2 summa-
rizes the possible infection mechanisms C. fetus subspe-
cies utilize to infect their hosts.

Attachment and invasion

Attachment of bacterial pathogens to epithelial cells is 
a prerequisite for invasion of host cells and subsequent 
translocation to deeper layers of the mucosa. The spi-
ral cell shape and the corkscrew-like motility conferred 
by the flagella of C. fetus are necessary to colonize and 
cross the mucus barrier overlaying the epithelium. Flagella 
mutants of C. jejuni are highly attenuated in virulence. 
Moreover, the flagellum has been shown to be an impor-
tant adhesin for C. jejuni and may have a similar function 
in C. fetus [77, 78]. The genomes of both C. fetus subspe-
cies harbor homologs of the adhesin PEB1, which is an 
outer membrane protein, and CadF. CadF is a fibronectin-
binding protein that mediates Campylobacter binding to 
the extracellular matrix of the epithelium and appears to 
be essential for cellular uptake preferentially at the baso-
lateral cell surface [79]. C. fetus has been shown to ad-
here to and invade human epithelial cells such as INT 407 
and Caco-2 [51, 80, 81]. Gentamicin protection assays re-
vealed also intracellular replication of C. fetus in INT 407 
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cells, although the intracellular niche of C. fetus has not 
been defined up to now [80]. Binding of C. fetus to im-
mobilized fibronectin and enhancement of INT 407 cell 
invasion by fibronectin have been shown [82]. Host cell 
invasion by C. jejuni was reported to occur via two differ-
ent processes. One is microtubule-dependent and occurs 
mainly on the apical cell surface. The second mechanism 
is microfilament-dependent and is observed on the basola-
teral side of the cells, presumably contributing to reinfec-
tion of cells after C. jejuni translocation across the epithe-
lium [77]. Using polarized Caco-2 cells as a model for the 
gut epithelium, Baker and Graham observed that C. fetus 
crosses the epithelium without disturbing the integrity of 
the monolayer. These authors therefore proposed that C. 
fetus prefers the transcellular route to pass the epithelial 
barrier [83]. Moreover, the authors reported that C. fetus 
invasion and translocation across Caco-2 cells occurs in 
an actin-independent manner, whereas a functional tubu-
lin cytoskeleton is required for translocation but not for in-
vasion of Caco-2 cells [83]. This finding is contrary to the 
situation with C. jejuni and other Campylobacters, such as 
C. concisus, which translocate across a cell monolayer via 
the paracellular route, induce epithelial barrier dysfunc-

tion, and ultimately initiate epithelial cell apoptosis and 
necrosis [84, 85]. Migration of bacteria underneath the 
host cells prior to efficient invasion, a process termed sub-
vasion, was reported for C. jejuni [86]. Confocal micro-
scopy of C. fetus-infected Caco-2 monolayers displayed 
also migration of the bacteria underneath the eukaryotic 
cells [52]. Moreover, transwell gentamicin protection as-
says exhibited lower invasion levels of C. fetus and C. je-
juni compared to standard assays if gentamicin was ap-
plied to the basolateral compartment, suggesting a similar 
subvasion mechanism employed by C. fetus [52].

Cytolethal distending toxin and other virulence factors

Campylobacter species produce the cytolethal distending 
toxin Cdt, consisting of three subunits encoded by cdtA, 
cdtB and cdtC [87]. All three subunits are required for 
full toxicity, forming the active enzyme complex, which is 
bound to the host cell membrane via CdtA and CdtC [88, 
89]. CdtB shows DNase I-like activity causing DNA dam-
age and leads to a cell cycle arrest in G2 phase and host 
cell enlargement [90]. The proposed involvement of Cdt in 

Fig. 2. Model for C. fetus’ interaction with epithelial cells and proposed mechanisms of infection. (1) C. fetus is highly adapted to 
mucosal surfaces owing to its spiral shape and the flagellum-based corkscrew-like motility. (2) Adherence to epithelial cells occurs 
via the flagellum or adhesins like PEB1. (3) Evidence is found that C. fetus crosses the epithelial barrier via a transcellular route, 
but (4) a paracellular route accompanied by barrier dysfunction is also likely. (5) Subvasion of epithelial cells prior to C. fetus 
invasion has been observed in vitro. (6) Subvasion activity promotes reinvasion from the basolateral side of the epithelial layer, 
possibly via a CadF-mediated binding to the extracellular matrix protein fibronectin. (7) The S-layer, a crystalline protein structure 
covering the bacterium, prevents C. fetus from phagocytosis by mononuclear cells in the mucosa/submucosa. (8) The T4SS of C. 
fetus is important for invasion of epithelial cells. The Fic effector proteins, possibly secreted by the T4SS, are predicted to alter the 
host cytoskeleton, promoting further destruction of the epithelial barrier and invasion of deeper layers of the mucosa. (9) Cytolethal 
distending toxin (Cdt) is a tripartite toxin, which binds to the cell surface via CdtA and CdtC. Delivery of CdtB to the nucleus leads 
to DNA damage, cell cycle arrest, and ultimately to epithelial cell swelling. The resulting barrier dysfunction promotes 
dissemination of C. fetus. (10) To cause bacteremia, C. fetus has to enter the circulation. (11) In the blood stream, the S-layer of C. 
fetus prevents binding of C3b and therefore circumvents killing by the complement system. (12) Antigenic variation of the S-layer 
occurs within the host, which often leads to relapsing and (13) systemic infection.
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Campylobacter virulence envisions that the toxin distends 
individual cells in the epithelial layer, presumably lead-
ing to disruption of the epithelial barrier (i.e. tight junc-
tions) and enabling the bacteria to reach the basolateral 
cell compartment. The complete cdt gene cluster is found 
in C. fetus, and the CdtB protein shows high homologies 
(~60%) to the C. jejuni CdtB [91]. C. fetus Cdt shows tox-
icity against HeLa cells in vitro [91]. As is the case with 
C. jejuni, Cdt is not involved in direct invasion of host 
cells since a C. fetus cdtB mutant did not show an altered 
invasion phenotype in gentamicin protection assays with 
Caco-2 cells [51]. Moreover, C. fetus subspecies harbor ho-
mologs of the virulence determinants MviN (MurJ) and 
the Campylobacter invasion antigen (CiaB). The latter has 
been shown to be secreted via a flagellar Type 3 secretion 
system in C. jejuni and can be detected in the cytoplasm 
of host cells after infection [78]. In addition, the genomes 
of both subspecies contain a putative filamentous hemag-
glutinin of the HecA family whose activity remains to be 
tested.

S-layer

The best characterized virulence attribute common to both 
C. fetus subspecies so far is the surface (S)-layer, a protein 
structure covering the bacterial cell surface. Early stud-
ies suggested that the S-layer plays a role in resistance to 
phagocytosis by mononuclear cells. McCoy et al. were the 
first to purify a surface antigen named antigen [a] [92]. C. 
fetus wild-type strain 23D possesses a specific outer mem-
brane structure that was missing in a C. fetus strain lack-
ing antigen [a]. This structure, called the “microcapsule”, 
prevented the cells from phagocytosis by macrophages in 
the absence of serum, whereas the antigen [a] mutant was 
efficiently phagocytosed [93]. Moreover, C. fetus strains 
showed a strong resistance to serum killing compared to 
highly susceptible C. coli and C. jejuni strains. The ob-
served bactericidal effect was conferred by both comple-
ment factors and antibodies [94]. A following study linked 
the C. fetus serum resistance to the presence of high mo-
lecular weight surface proteins. The latter were shown to 
be identical to antigen [a] and represent constituents of 
the S-layer [95]. Subsequent studies with components of 
the complement system showed that S-layer encapsulated 
strains (S+) did not bind C3b and therefore circumvented 
complement-mediated killing [96]. To investigate the role 
of the S-layer in vivo, HA/ICR mice were challenged with 
S+ and S− C. fetus strains [97]. Intraperitoneal inoculation 
of S+ strains compared to S− strains led to significantly 
increased mortality. Furthermore, oral inoculation of the 
S+ strain led to severe bacteremia, which was not observed 
in any of the S− treated mice [97].

The C. fetus S-layer is encoded by the chromosomal 
surface-array protein (sap) locus, about 54 kb in size. At 
least six sapA and sapB homologs are prevalent in each 
(sero-) type A and B strains, respectively, which represent 
the surface-located constituents of the S-layer called sur-

face layer proteins (SLPs). The predicted proteins show 
high levels of amino acid identity (~97%) at their amino 
termini but variation at their carboxyl ends. The conserved 
regions are responsible for binding of the SLPs to the bac-
terial LPS. Moreover, the sap locus contains up to 19 ad-
ditional ORFs including the sap CDEF genes responsible 
for secretion of the sapA/B homologs [5].

To investigate the role of the S-layer in ovine abortion, 
pregnant ewes were challenged with the C. fetus strain 
23D and the mutant strain 23B [98] with a deletion in the 
sapA promoter, the single promoter responsible for SLP 
expression [99–102]. Although the S-layer was required 
for establishment and persistence of a chronic infection, it 
was not the cause of the fetopathogenic effects of C. fetus 
[98]. It is known that C. fetus uses complex mechanisms 
to change expression of the SLP homologs in vivo, and 
therefore evade the immune response by antigenic vari-
ation. Several studies explored C. fetus antigenic varia-
tion during infection of cattle [103–105] and sheep [98, 
106], which was found to be conferred by rearrangements 
within the sap locus leading to alternate expression of the 
sapA/B homologs [104, 105, 107]. The underlying molecu-
lar mechanisms utilized for this alternate expression of the 
sapA/B homologs are DNA inversions of a 6.2-kb frag-
ment containing the sapA promoter [108, 109]. Inactiva-
tion of recA led to loss of expression of SLP variants in 
vitro, indicating that RecA is essential for inversion events 
[110]. However, recombination can also occur independ-
ently of recA [111], even though with only low efficiency. 
It was also shown that SLP variation is responsible for 
the frequently observed relapsing human C. fetus infec-
tions [112]. Recently, we could show that the sapA pro-
moter is subject to temperature-dependent regulation. The 
promoter activity is reduced at 32 °C compared to 37 °C, 
suggesting efficient SLP expression only under conditions 
reflecting the environment in the host (i.e. during the inva-
sive state) wherein SLP expression and antigenic variation 
are necessary to circumvent immune recognition [68].

Challenges in C. fetus research

Much progress has been made in recent years towards 
understanding the genetics and pathogenesis of C. fetus. 
The sequencing of C. fetus subsp. fetus and C. fetus subsp. 
venerealis genomes revealed insights to the evolutionary 
development of C. fetus and provided a genomic basis 
for detailed investigation of subspecies-specific genes. 
Importantly, sequencing of different strains within one 
subspecies that originate from different hosts prompted 
awareness that the phylogenetic relationships of the sub-
species should be reconsidered, and the definition of new 
subspecies is now subject to discussion.

Probably the most challenging goal in C. fetus research 
will be to establish functions for distinct genes contribut-
ing to host–pathogen interactions and niche preferences. 
Characterization of the C. fetus subsp. venerealis-specific 
PAI has brought us an important step further. The island 
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encodes a functional T4SS for macromolecular transfer of 
DNA and proteins to other cells. So far, we know that the 
T4SS contributes to C. fetus subsp. venerealis invasion in 
cell culture models of infection and plasmid mobilization 
between bacteria. Many questions concerning the function 
of this system remain. Investigation of the two putative C. 
fetus subsp. venerealis effector proteins, encoded directly 
downstream of the virB/virD4 operon of T4SS genes, is an 
important next step. Cell-culture-based studies using re-
porter molecules for secretion activity will be instrumen-
tal in visualizing effector translocation to host cell cyto-
plasm via the T4SS. Detailed characterization of effector 
protein functions will help us to understand the biology of 
FIC domain-containing proteins in bacteria and their tar-
geted host cells. In summary, C. fetus subsp. fetus and C. 
fetus subsp. venerealis are extraordinary model organisms 
for evaluating the unique contribution of bacterial genes to 
niche and host adaptations.
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